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We demonstrate the formation of InAs quantum dots (QDs) on InAlAs/InP(111)A by means of

droplet epitaxy. The C3v symmetry of the (111)A substrate enabled us to realize highly symmetric

QDs that are free from lateral elongations. The QDs exhibit a disk-like truncated shape with

an atomically flat top surface. Photoluminescence signals show broad-band spectra at

telecommunication wavelengths of 1.3 and 1.5 lm. Strong luminescence signals are retained up to

room temperature. Thus, our QDs are potentially useful for realizing an entangled photon-pair source

that is compatible with current telecommunication fiber networks. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870839]

Quantum dots (QDs) are promising candidates for on-

demand entangled photon emitters.1–6 A single QD emits a

pair of photons associated with the transition cascade from

the biexciton-state to the exciton-state, and subsequently to the

ground state. This transition has two paths depending on the

exciton angular momentum. When these two paths are degen-

erate and are energetically indistinguishable, two photons emit-

ted along the cascade become entangled on a polarization

basis. In conventional QDs grown on a cubic semiconductor

along the [100] crystal axis, symmetry breaking occurs owing

to the C2v symmetry of the semiconductor surfaces.7–10 To cir-

cumvent symmetry breaking, QDs formed along the [111]

crystal axis with C3v symmetry are promising. However,

self-assembled QDs cannot be formed on the {111} surfaces

by means of conventional Stranski–Krastanov (SK) mode (i.e.,

two-dimensional growth followed by island formation).11 On

these surfaces, dislocations form at the interfaces preferentially

in order to relax strain.12,13 Therefore, other techniques, such

as droplet epitaxy and pyramidal site control, have been used

to create symmetric QDs in InGaAs/GaAs, GaAs/AlGaAs, and

InGaAsN/GaAs systems.14–16 Entangled photons at wave-

lengths near 850 nm have been observed in pyramidal QDs.17

Moreover, we have recently demonstrated filtering-free viola-

tion of Bell’s inequality using self-assembled QDs grown on

GaAs(111)A by droplet epitaxy.18

Extension of the emission wavelengths of these symmet-

ric QDs into the optical fiber telecommunication wavelength

ranges of 1.3 and 1.5 lm is highly desired. To achieve such

extension, the use of InAs QDs on InP substrates is

suitable19–21 because highly strained InAs QDs formed on

GaAs typically emit photons at the wavelengths of less than

1 lm.3,8,9,11,15

In this study, we investigated the droplet epitaxy of InAs

QDs on InAlAs/InP(111)A. Owing to the three-fold rota-

tional symmetry of the growth plane, highly symmetric InAs

QDs were realized. Efficient photoluminescence (PL) emis-

sions from the QDs at both 1.3 and 1.5 lm were realized at

temperatures up to room temperature.

Samples were grown on semi-insulating (Fe-doped)

InP(111)A substrates using a solid-source molecular beam

epitaxy. After the growth of an In0.52Al0.48As buffer layer of

150-nm thickness at 470 �C, we supplied 0.8 monolayers

(ML) or 1.6 ML of indium with a flux of 0.2 ML/s at 270 �C.

The supply of indium without As4 enabled the formation of

liquid indium droplets, which were confirmed by observation

of a halo pattern in reflection high-energy electron diffrac-

tion (RHEED) measurements.14 Next, we supplied an As4

flux of 3� 10�5 Torr at 270 �C, which led the RHEED pat-

tern to change from halo to spotty due to the crystallization

of indium droplets into InAs QDs.14 After annealing at

370 �C for 5 min under As4 supply,22 InAs QDs were capped

with an In0.52Al0.48As layer of 75-nm thickness at 370 �C.

The samples were then annealed at 470 �C for 5 min for

improving crystal quality.

The surface morphology of uncapped QDs was studied

by atomic force microscope (AFM). The morphology of

capped QDs was studied by cross-sectional transmission

electron microscopy (X-TEM) in annular dark field-scanning

transmission electron microscopy (ADF-STEM) mode. PL

spectra were measured at 9 K using the 532-nm line of a

continuous-wave diode-pumped laser. The PL signals were

dispersed by a polychromator with a focal length of 50 cm

and were detected by a cooled InGaAs photodiode array or a

Si charge-coupled device camera.

Figures 1(a) and 1(b) show AFM images of the samples

grown with an indium supply of 0.8 and 1.6 ML, respec-

tively, after crystallization at 270 �C. The images reveal

well-defined QDs with a density of (a) 1.1� 1011 cm�2 and

(b) 5.4� 1010 cm�2. Thus, with increasing indium, the QD

density decreases roughly by a factor of two. In parallel, the

average size of QDs increases from 18 nm to 30 nm in base

diameter and from 0.83 to 1.6 nm in height. These changes

in QD size and density imply that coalescence and/or
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ripening of the small indium droplets occurred with increas-

ing indium supply.23 Notably, QDs were formed even when

the indium supply was less than 1 ML, suggesting that the drop-

let nucleation occurred immediately after supplying indium on

the surface (without forming a two-dimensional layer).16 This

immediate nucleation of droplets is likely facilitated by the ab-

sence of any excess As atoms on the (111)A-(2� 2) surface, as

has been reported for GaAs surfaces.24

Figures 1(c) and 1(d) show AFM images of a surface af-

ter annealing at 370 �C for samples with an indium of 0.8

and 1.6 ML, respectively. QDs are still visible even after

annealing. For the 0.8 ML indium sample, however, the QD

density was found to decrease drastically after annealing to

8.8� 109 cm�2 (Fig. 1(c)). In contrast, for the 1.6 ML in-

dium sample, the density remained almost unchanged at

5.4� 1010 cm�2 (Fig. 1(d)).

The impact of annealing on the surface morphology is

further depicted in the size distribution of QDs in Fig. 2.

Here, we analyzed the QD volume with the assumption that

each QD had a hemispherical shape for simplicity. For the

0.8 ML indium sample (Fig. 2(a)), more than 80% of QDs

exhibit a volume lower than 150 nm3 (highlighted by the

broken line) after crystallization (before annealing).

However, these small QDs mostly disappear in the sample

after annealing, which leads to the observation of a decrease in

the QD density. For the 1.6 ML indium sample (Fig. 2(b)), the

QD volume is distributed around an average value of 740 nm3

before annealing, and around 350 nm3 after annealing.

Thus, for both samples, the average volume was signifi-

cantly reduced by annealing. For the 0.8 ML sample, this

volume reduction resulted in a significant density reduction

since most of the QDs were already of low volume before

annealing.

We attribute this annealing-induced volume reduction to

the growth of a two-dimensional layer caused by diffusion of

atoms from InAs QDs. In the case of droplet epitaxy, QDs

are grown by a kinetically limited processes without forming

a two-dimensional layer. At the annealing step, however,

some amount of InAs flows out from the QDs and forms a

two-dimensional layer, which might reduce the local strain

energy in the vicinity of the QDs. This emergence of a two-

dimensional layer following the QD formation is in the

reverse order of SK growth, for which a two-dimensional

layer (i.e., a wetting layer) appears before QDs.

The presence of a two-dimensional layer was confirmed

by the X-TEM image of the 1.6 ML QDs embedded in the

InAlAs barrier in Fig. 3(a). A two-dimensional layer with a

thickness of around 1 ML is clearly visible, as indicated with

an arrow. The buried QD shows a truncated disk-like shape

with an atomically smoothed surface on the top. No disloca-

tion was found at the interface between the QD and the

InAlAs barrier, indicating the high crystalline quality of the

present samples. The clear contrast between the QD and the

InAlAs barrier evidences the formation of abrupt interface.

The formation of disk-like QDs with flat surfaces has been

also observed in droplet epitaxial GaAs QDs formed on an

AlGaAs (111)A surface.16

Figure 3(b) shows the three-dimensional view of an

AFM image of uncapped InAs QDs grown with 1.6 ML in-

dium. Despite a finite spatial resolution, the flat-top shape is

FIG. 1. AFM images of (a) 0.8 and (b) 1.6 ML InAs QDs on InAlAs after

crystallization at 270 �C (left). (c) and (d) AFM images after annealing at

370 �C (right).

FIG. 2. Histograms of QD volume for (a) 0.8 and (b) 1.6 ML InAs after crys-

tallization at 270 �C and after annealing at 370 �C. They are plotted with a

volume bin of 50 nm3.

FIG. 3. (a) X-TEM image of 1.6 ML QDs after capping. The white arrow

indicates the two-dimensional layer. (b) Three-dimensional view of AFM

image of InAs QDs after annealing. (c) Cross-sectional profiles of a QDs

along the [�211] and [01�1] directions after annealing at 370 �C.
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clearly visible for relatively large QDs. Figure 3(c) shows

typical cross-sectional profiles obtained along two orthogo-

nal directions ([�211] and [01�1]) of a QD shown in

Fig. 3(b). The profiles are nearly identical. This isotropic

feature is a direct consequence of the three-fold rotational

symmetry of the (111)A surface,24 on which equivalent

directions appear with respect to every 120 � rotation. As a

consequence of this symmetry, in-plane anisotropy is elimi-

nated in QDs on (111)A surfaces.

Figures 4(a) and 4(b) show the PL spectra of ensembles

of QDs prepared with 0.8 and 1.6 ML indium, respectively.

At short wavelengths, emission from the two-dimensional

layer was observed around 840 nm, together with emissions

from the InP substrate at 875 and 900 nm and the InAlAs

barrier at �800 nm. The two-dimensional layer signal is rela-

tively higher for the 0.8 ML sample than for the 1.6 ML

sample due to differences in the QD density, as shown in

Figs. 1(c) and 1(d).

At long wavelengths, high-yield QD emissions were

observed in both samples at a wide spectral range of

950–1600 nm at 9 K. This broad-band emission is consistent

with a large size distribution of QDs observed by AFM. The

PL spectrum consists of multiple peaks, rather than a broad

single peak. The relative intensity between the multiple

peaks was independent of excitation intensity (data not

shown). Thus, the observed spectral multiplet is ascribed to

different families of QDs whose heights vary by a monolayer

step.16,19 The split multiple peaks indicate that the QDs have

a truncated shape with a flat top, as shown in Fig. 3. AFM

measurements indicate that the average height of QDs pre-

pared with an indium supply of 0.8 ML is 1.6 nm, which cor-

responds to 5 ML InAs.

With increasing temperature, the multiple peaks shift to

longer wavelengths in unison. Even at 300 K, the PL signal

remains, although its intensity is 1/10 of that observed at

9 K. The integrated PL intensity change as a function of the

temperature was well reproduced by the Arrhenius-type

equation25,26 using two activation energies of 160 meV and

36 meV, as shown in inset of Fig. 4(b). These higher

(160 meV) and lower (36 meV) activation energies might be

related to the carrier escape from the QDs and nonradiative

scattering in the barrier, respectively.26,27 The observed

room temperature PL emissions reflect the high crystal qual-

ity and strong confinement in this QD system.

The inset of Fig. 4(a) shows a typical micro-PL (lPL)

spectrum of an isolated single QD, which emits at a wave-

length of around 1.5 lm.28 Bright emission from the single

QD is visible and it consists of four sharp lines, which are

identified from the shortest to longest wavelengths as neutral

excitons (X), positively charged excitons (Xþ), neutral biex-

citons (XX), and negatively charged excitons (X�), respec-

tively. These lines were assigned by careful analysis of the

excitation power dependence and linear and circular polar-

ization characteristics.29 For some QDs, we observed signifi-

cant line broadening with an FWHM as large as �300 leV,

which is due to spectral diffusions caused by random charge

trapping in the vicinity of QDs.30 The observed excitonic

features are of importance for the application of our QD sys-

tems to single-photon and entangled photon-pair sources.

In conclusion, we demonstrated the formation of InAs

QDs on InAlAs/InP(111)A substrates by means of droplet

epitaxy. AFM and X-TEM images reveal that symmetric

QDs with flat tops were formed. During the annealing of

QDs, a two-dimensional layer was formed by flowing out of

InAs from the QDs. High-yield PL emission was observed

from the QDs up to room temperature, indicating high QD

quality. In lPL, bright excitonic emission from the single

QDs was observed. Using droplet epitaxy, we can easily tune

the size and density of the QDs during the droplet formation

process. Therefore, we believe that the present system is

highly promising to realize on-demand entangled photon

emission at telecommunication wavelengths.

We acknowledge B. Urbaszek, H. Nakajima, H.

Kumano, and I. Suemune for fruitful discussions. This work
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